The expression of heterologous bacterial glycosyltransferases is of interest for potential application in the emerging field of carbohydrate engineering in gram-positive organisms. To assess the feasibility of using enzymes from gram-negative bacteria, the functional expression of the genes wbaP (formerly rfbP), wecA (formerly rfe), and wbbO (formerly rfbF) from enterobacterial lipopolysaccharide O-polysaccharide biosynthesis pathways was examined in Bacillus subtilis. WbaP and WecA are initiation enzymes for O-polysaccharide formation, catalyzing the transfer of galactosyl 1-phosphate from UDP-galactose and N-acetylglucosaminyl 1-phosphate from UDP-N-acetylglucosamine, respectively, to undecaprenylphosphate. The WecA product (undecaprenylpyrophosphoryl GlcNAc) is used as an acceptor to which the bifunctional wbbO gene product sequentially adds a galactopyranose and a galactofuranose residue from the corresponding UDP sugars to form a lipid-linked trisaccharide. Genes were cloned into the shuttle vectors pRB374 and pAW10. In B. subtilis hosts, the genes were effectively transcribed under the vegII promoter control of pRB374, but the plasmids were susceptible to rearrangements and deletion. In contrast, pAW10-based constructs, in which genes were cloned downstream of the tet resistance cassette, were stable but yielded lower levels of enzyme activity. In vitro glycosyltransferase assays were performed in Escherichia coli and B. subtilis, using membrane preparations as sources of enzymes and endogenous undecaprenylphosphate as an acceptor. Incorporation of radioactivity from UDP-␣-D-14 C-sugar into reaction products verified the functionality of WbaP, WecA, and WbbO in either host. Enzyme activities in B. subtilis varied between 20 and 75% of those measured in E. coli.
Glycoconjugates play a crucial role in many of the recognition, signaling, and adhesion events that take place at the surfaces of cells, with the oligosaccharide structures being the key to their functions (34) . Manipulation of cell surface glycosylation patterns by carbohydrate-engineering techniques requires specific glycosyltransferases, glycosidases, nucleotidesugar synthases, and transporters (12) . Cell surface display of rationally designed glycosylation motifs is generally considered a versatile tool for applied research, leading to the expression of various antigenic determinants, tissue-targeting signals, or receptor mimics. For example, Paton et al. (30, 31) recently constructed a recombinant Escherichia coli that displayed a Shiga toxin receptor mimic on its surface. The high capacity of the engineered bacterium for adsorbing and neutralizing the toxin was attributed to the high density of receptor mimics displayed on the surface, which underlines the importance of multivalency for cell surface display.
Surface (S) layer-covered members of the family Bacillaceae are considered promising candidates for a combined cell surface display-carbohydrate-engineering approach. In general, S-layer glycoproteins are found as the outermost cell wall layer on several gram-positive bacteria (for reviews, see references 27 and 35). They assemble into two-dimensional crystalline arrays with the S-layer glycan chains protruding from the cell surface in a defined and regular manner. S-layers contain highly variable glycoconjugates and might be seen as grampositive equivalents of lipopolysaccharides (LPS), which are essential and characteristic components of the outer membranes of gram-negative bacteria (47) . The two classes of glycoconjugates show similarities with regard to the overall structure and constituent glycoses. The LPS of members of the family Enterobacteriaceae consists of three structural domains: the O-antigenic polysaccharide chain made of repeating units, the core oligosaccharide, and lipid A, serving as the anchor to the outer membrane. The S-layer glycans are also tripartite structures with the protein component replacing lipid A (35) . Preliminary insights into S-layer glycan biosynthesis have provided evidence that there are also similarities on the molecular level. Genes encoding enzymes for the synthesis of nucleotidesugar precursors are organized in operons within the corresponding cluster for the particular S-layer glycan (18, 19) . While the molecular details have not yet been resolved, it is reasonable to speculate that assembly of the S-layer glycan will involve comparable glycosyltransferase activities. Besides regularity residing in the crystalline nature and multivalency of the S-layer lattices (35, 38) , the Bacillaceae offer certain advantages of gram-positive expression systems. These include a high number of permissive sites for insertion of foreign protein sequences, conserved mechanisms for cell wall targeting, a simpler cell wall profile requiring only one translocation step, and a greater sturdiness due to the thicker cell wall (40) . Thus, S-layer-carrying members of the Bacillaceae merit further investigation for their potential for regular, high-density cell surface display of tailored S-layer neoglycoconjugates.
So far, interspecies transfer of glycosyltransferases has been performed mainly between different gram-positive organisms. This includes the heterologous expression of an authentic immunological type 3 capsular polysaccharide (CPS) from Streptococcus pneumoniae in Lactococcus lactis (11) . Only three of the four CPS biosynthesis genes, which have a cassette-like organization in S. pneumoniae, were found to be necessary for the formation of type 3 CPS in the host, implying a role of the type 3-specific synthase in the extracellular transport of the CPS or the existence of an alternative export system in L. lactis. Interestingly, upon expression of the bifunctional S. pneumoniae type 3 synthase in E. coli, novel glycolipids were formed (5). In contrast, the transfer of the 14.5-kb exopolysaccharide (EPS) gene cluster from Streptococcus thermophilus Sfi6 into the non-EPS-producing heterologous host L. lactis MG1363 yielded a modified EPS. The replacement of GlcpNAc by galactose was attributed to the lack of UDP-N-acetylglucosamine C4-epimerase activity in L. lactis, which would provide UDPGalNAc for GalNAc incorporation into the EPS (10, 41). These findings imply that bacterial glycosyltransferases may have relaxed specificities for glycosyl donors and acceptors of related structures and that the functional heterologous expression of enzymes encoded even by whole gene clusters is possible, provided that the heterologous host possesses all necessary genetic information for precursor synthesis. Shuttling of glycosyltransferase genes has benefits not only for heterologous (poly)saccharide production or reengineering of glycan structures of the host, it also provides a useful tool for the functional characterization of glycosyltransferases in different host backgrounds. For instance, in vitro functional characterization of heptosyltransferase II (WaaF) of E. coli, which is involved in the synthesis of the inner core region of LPS, was accomplished after heterologous expression in the gram-positive host Corynebacterium glutamicum (13) . The utilization of S-layer glycoprotein arrays as multivalent surface display systems necessarily requires reengineering of S-layer glycans by heterologous glycosyltransferases. Thus, as an initial step in this long-term approach, the feasibility of the transfer of well-characterized glycosyltransferases from the Enterobacteriaceae into a gram-positive host was addressed. Due to the availability of molecular tools, non-S-layer-carrying Bacillus subtilis was chosen as an intermediate model host between the enterobacteria and the gram-positive S-layer-carrying bacilli for the heterologous expression of selected enzymes from LPS O-polysaccharide biosynthesis pathways. The advantages of employing B. subtilis as an expression host include its nonpathogenicity, the absence of significant codon bias, its extensively studied genetics, the presence of secretory mechanisms, and well-documented properties essential for gene expression (22) . It was assumed that the undecaprenylphosphate (und-P) acceptor substrate required by the glycosyltransferases would be provided by the host because peptidoglycan synthesis follows the same und-P-dependent pathway in gram-positive and gram-negative bacteria (45) . Both the reaction mechanisms and the reaction products of the selected enzymes are well characterized, which should allow the unambiguous assignment of their activities in the background of the enzyme repertoire and the general metabolism of B. subtilis.
In the present study, we report on the shuttling of the enterobacterial O-polysaccharide biosynthesis genes wbaP (formerly rfbP), wecA (formerly rfe), and wbbO (formerly rfbF) from E. coli to the heterologous host B. subtilis. Using an in vitro transferase assay in combination with thin-layer chromatography (TLC), we demonstrate that both the activities and specificities of the encoded enzymes are maintained in the gram-positive host.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The bacteria were grown at 37°C in Luria-Bertani (LB) broth or on LB agar supplemented, when appropriate, with ampicillin (Ap; 100 g ml Ϫ1 ), kanamycin (Km; 10 g ml Ϫ1 ), tetracycline (Tc; 15 g ml Ϫ1 for E. coli and 7.5 g ml Ϫ1 for B. subtilis), chloramphenicol (Cm; 30 g ml Ϫ1 ), or gentamicin (Gm; 30 g ml Ϫ1 ). For pRB374-based constructs, the recommended kanamycin concentration of 5 g ml Ϫ1 was nonselective (4), so transformants were selected on media supplemented with 10 g of kanamycin ml Ϫ1 . In experiments involving E. coli CS1883 ⌬galE, the growth medium was supplemented with 0.1% (wt/vol) glucose and galactose (36 to partially degrade the cell wall. All restriction enzymes were purchased from Invitrogen. Restriction endonuclease digestion was done according to the manufacturer's instructions, and digests were purified using a QIAquick PCR purification kit (Qiagen). Agarose gel electrophoresis was performed as described by Sambrook et al. (33) . DNA fragments from agarose gels were purified using the Gene Clean III system from Bio 101 Inc., Vista, Calif.
Cloning of wbaP, wecA, and wbbO into shuttle vectors. DNA fragments containing wbaP, wecA, and wbbO were amplified by PCR, using pJD132, pMAV11, and pWQ19, respectively, as templates. Oligonucleotides with the respective restriction sites were synthesized at the Guelph Molecular Supercentre; their sequences are listed in Table 2 . PCRs were optimized for each primer pair using a GeneAmp PCR system 2400 (Perkin-Elmer, Norwalk, Conn.). The amplified fragments were ligated into the single-stranded-DNA shuttle vectors pRB374 (4) and pAW10 (46) . The wbaP and wecA genes, together with upstream flanking DNA sequences, were cloned into pRB374 to produce pTS100 and pTS103, respectively. pTS107 was constructed by ligating wecA and wbbO into pRB374, whereas pTS106 contained only wbbO. pAW10-based constructs were made with wecA (pTS108) and a combination of wecA and in-frame wbbO (pTS110).
Genetic transformation methods. Electroporation was carried out using a Bio-Rad Gene Pulser. Transformants were selected on LB plates, using antibiotic concentrations as indicated in Table 1 . E. coli strains (70-l aliquots of competent cells in 10% glycerol) were transformed with 0.1 to 0.5 g of plasmid DNA in 2-mm-gap electroporation cuvettes (Bio-Rad) using standard electroporation conditions (400 ⍀; 2.5 kV; 25 F).
B. subtilis strains 1A748 and 1A751 were transformed by a modification of the method of Matsuno et al. (25) in which 50 ml of LB broth was inoculated with 1% of an overnight culture. The culture was incubated for approximately 3 h with shaking at 150 rpm at 37°C to an optical density at 600 nm (OD 600 ) of 0. 5 . The cells were then harvested, washed twice with 1 mM HEPES, pH 7.0, and treated twice with electroporation buffer (1 mM HEPES, pH 7.0, 25% [vol/vol] polyethyleneglycol 8,000, 0.1 M mannitol). The pellet was resuspended in 250 l of the same buffer to a final OD 600 of 1.9 , and 70-l aliquots were used. Prior to electroporation, the freshly prepared cells were chilled on ice for 15 min, mixed with ϳ1.5 g of plasmid DNA in a precooled tube, and then transferred to a 2-mm-gap electroporation cuvette. After administration of a single pulse (200 ⍀; 2.3 kV; 25 F), the cells were immediately resuspended in 500 l of LB broth and incubated for 10 min at 25°C. Subsequently, the cells were incubated for 2.5 h at 37°C with gentle shaking to allow phenotypic expression; 250-l aliquots of the mixture were plated on LB plates supplemented with the appropriate antibiotic and incubated for 20 h at 37°C.
B. subtilis cells were also made competent by a modification of the protocol of Spizizen et al. (39) . Twenty milliliters of Spizizen's medium was inoculated with VOL. 68, 2002 O-POLYSACCHARIDE ENZYMES IN BACILLUS SUBTILIS 4723 0.1% of an overnight culture. Incubation was continued into the stationary phase at 37°C with shaking at 190 rpm. Subsequently, 10 ml of Spizizen's medium supplemented with 1% (vol/vol) 250 mM CaCl 2 and 1% (vol/vol) 250 mM MgCl 2 was inoculated with 1 ml of the stationary-phase culture and incubated at 37°C and 110 rpm for 1.5 h (OD 600 , 0.3 to 0.4). Aliquots of 500 l of culture were mixed with glycerol (final concentration, 20%) and frozen at Ϫ70°C. Prior to chemical transformation, 1 ml of cells was thawed on ice and treated with 10 l of 100 mM EGTA, pH 7.0, for 5 min at 37°C. Subsequently, 1 g of plasmid DNA was added, and this mixture was incubated for another 5 min. The cell suspension was transferred to a fresh tube containing 200 l of preheated TY medium for incubation for 1 h at 37°C and 190 rpm, after which 300 l was plated onto selective media. Membrane preparation. Membrane preparations provided the source of galactosyltransferase and N-acetylglucosaminyltransferase activities. The preparation protocol essentially followed the method described by Osborn et al. (29) with slight modifications. Briefly, a 100-ml overnight culture was diluted in 400 ml of LB broth and incubated with shaking at 37°C. Biomass from the mid-to late exponential phase (OD 600 , ϳ1.5) was harvested by centrifugation and washed once with 500 ml of cold saline and then with 100 ml of cold buffer A (50 mM Tris acetate, pH 8.5, 1 mM EDTA, 1 mM dithiothreitol). Finally, the pellet In vitro glycosyltransferase activity. The in vitro glycosyltransferase assays were based on methods described previously (7). Enzyme activities were measured by the incorporation of radioactivity from UDP-␣-D-[
14 C]galactopyranose (UDP-Galp; 278 mCi mmol Ϫ1 ; Perkin-Elmer) or UDP-␣-D-[ 14 C]N-acetylglucosamine (UDP-GlcpNAc; 10.2 mCi mmol Ϫ1 ; ICN) into chloroform-methanol (C-M)-extractable lipid-linked reaction products. The standard in vitro reaction mixture contained 50 l of membranes and 70 pmol (ϳ45,000 cpm) of radiolabeled nucleosidediphosphate-sugar substrate in a total volume of 100 l of buffer B (50 mM Tris acetate, pH 8.5, 1 mM EDTA, 1 mM MgCl 2 ). To exclude substrate limitation in WbaP assays, unlabeled UDP-Galp was added to the mixtures, with the molar ratios of labeled to unlabeled substrate being 1:1, 1:3, and 1:8, respectively. In WbbO-assays, a fivefold molar surplus of unlabeled UDP-GlcNAc was supplied. Enzyme reactions were performed at 37°C and were terminated by the addition of 1.25 ml of C-M (3:2). The reaction times varied between 5 and 60 min in different assays. For C-M extraction, the reaction mixture was mixed vigorously for 3 min, and cell debris was removed by lowspeed centrifugation in a benchtop centrifuge. The organic phase containing lipid-linked reaction products was transferred to a fresh tube, and the pellet was extracted a second time with 1.35 TLC of lipid-linked reaction products. Lipid-linked reaction products were identified after separation of 10 l of PSUP-resuspended extracts by TLC. Silica Gel 60 aluminum TLC plates (20 by 20 cm; thickness, 0.25 mm; Merck) were prerun in C-M (2:1), and extracts were separated using the solvent system C-M-dH 2 O (65:25:4); the plates were dried and then developed in the same solvent a second time (14) . The plates were exposed for 2 days at Ϫ70°C to BioMax MR film (Kodak, Rochester, N.Y.), using a BioMax intensifying screen (Kodak). In addition, the separated lipids were visualized with iodine vapor, and carbohydrates and phosphorus were detected with the thymol reagent (1) and a molybdenum blue spray (Sigma), respectively.
Tricine SDS-PAGE and Western blot analysis. LPS preparations were made from sodium dodecyl sulfate (SDS)-proteinase K whole-cell lysates by a slight modification of the method of Hitchcock and Brown (15) . Briefly, cells from 1 ml of an overnight culture, diluted to an OD 600 of 1.0, were collected, washed with saline, and resuspended in 100 l of lysis buffer (0.5 M Tris-HCl, pH 6.8, containing 2% [wt/vol] SDS and 10% [vol/vol] glycerol). The samples were boiled for 45 min prior to digestion with proteinase K at a final concentration of 0.5 g ml Ϫ1 for 16 h at 55°C. Samples (2 to 10 l) were loaded on precast 10 to 20% tricine SDS-polyacrylamide gels (Novex), and the polyacrylamide gel electrophoresis (PAGE) conditions were those recommended by the manufacturer. Silver staining (44) and Western immunoblotting (43) procedures have been described elsewhere. The production and specificity of anti-O8:K40 rabbit antibody was described previously (3). Alkaline phosphatase-conjugated antirabbit antibody was used as the second antibody, and detection was performed with nitroblue tetrazolium chloride-5-bromo-4-chloro-3-indolylphosphate.
RESULTS AND DISCUSSION
Cloning strategy considerations. For expression of the enterobacterial O-polysaccharide biosynthesis enzymes WbaP, WecA, and WbbO in the gram-positive host B. subtilis, a shuttle vector approach was chosen. The initial cloning steps were performed in E. coli DH5␣, and the activities of the constructs were verified in vivo in E. coli mutants with characterized defects in the respective genes prior to transferring the genes to the gram-positive host, where no such mutants would be available. Due to generally low transformation frequencies when B. subtilis is used as the primary host, plasmids pRB374 and pAW10 were compared with regard to transformation efficiency and maintenance of structural stability. pRB374 is a 5.9-kb E. coli-B. subtilis shuttle vector which contains the colE1 ori for E. coli and the plus ori for gram-positive bacteria derived from pUB110 (4). The genes were cloned into the pUC18-derived multicloning site of pRB374. The multicloning site is flanked by the transcriptional terminators T1 of E. coli rrnB and t 0 of phage , which assure termination of 90% of RNA synthesis in B. subtilis. In the pBR374-based constructs, the genes were under the transcriptional control of the B. subtilis vegII promoter, allowing expression of genes with functional ribosome binding sites in both E. coli and B. subtilis. pAW10 is a 3.9-kb E. coli-Staphylococcus aureus shuttle vector which contains the p15A ori for E. coli and the gram-positive ori of pAM␣1 from Enterococcus faecalis (46) . To provide a vector-encoded promoter in pAW10, the genes were cloned downstream and in the same orientation as the tetracycline resistance gene cassette, affording the possibility of transcriptional read-through.
B. subtilis strains 1A748 and 1A751 were the selected hosts for heterologous expression of the glycosyltransferases. Due to its chromosomal kanamycin resistance, the protease-deficient strain 1A748 was transformed only with plasmids from the pAW10 series; strain 1A751 was transformed with all shuttle vector-based constructs. Transformation of B. subtilis with recombinant plasmids required specially adapted protocols for chemical transformation as well as for electrotransformation. The observed transformation efficiencies varied between 1.5 ϫ 10 3 and 1 ϫ 10 4 transformants per g of plasmid DNA from the pAW10 series when the competent cells treated with Spizizen's salts were used. In contrast, competent cells stabilized with polyethyleneglycol 8,000 yielded reproducible but lower transformation rates of 5 ϫ 10 2 CFU g Ϫ1 . Transformations with the larger pRB374-based constructs led to transformation rates nearly 1 order of magnitude below those obtained with the pAW10-based constructs. The choice of B. subtilis strain did not influence this result.
Vector stability is an absolute requirement for cloning and heterologous gene expression. The pAW10-based constructs pTS108 and pTS110 displayed no instability over at least 50 generations in transformed B. subtilis strains. Even under nonselective conditions, at least 30% of transformed B. subtilis 1A748 cells and approximately 20% of transformed B. subtilis 1A751 cells still retained the plasmid after 50 generations. Plasmid DNA isolated from cultures of either transformed B. subtilis strain yielded the expected restriction digest pattern (not shown). Thus, these plasmids did not undergo rearrangements in B. subtilis and were relatively stable in transformants. For the pRB374 shuttle vector, structural integrity was reported to be maintained over a period of 30 generations (4); however, after 50 generations, deletions of the pRB374-based constructs pTS100, pTS103, pTS106, and pTS107 became evident in B. subtilis 1A751. As inferred from agarose gels, cells with deletion derivatives outgrew those with intact plasmids in overnight cultures. The amount of intact plasmid after 50 gen- VOL. 68, 2002 O
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on September 7, 2017 by guest http://aem.asm.org/ erations was estimated to be only 15% of the total extracted from the culture under selective conditions. The mechanisms underlying the instability are unclear, but in an E. coli-Thermus thermophilus shuttle vector, the E. coli sequences contributed to the instability in distinct hosts (9) . The design of improved shuttle vectors and the utilization of chromosomal integration should circumvent this problem of vector instability in future. For instance, integration into the Thermoanaerobacterium sp. chromosome via homologous recombination has been accomplished only recently using pUC-based suicide vectors (24) . The demonstration that this approach is also applicable to a thermophilic, anaerobic, Slayer-carrying organism (Thermoanaerobacterium thermosaccharolyticum) (24) might open up a useful alternative for the transformation of other meso-and thermophilic S-layer-carrying members of the Bacillaceae.
Expression of WbaP and WecA. WbaP and WecA participate in the biosynthesis of enterobacterial O-polysaccharides. They are both predicted to be integral membrane proteins; they are structural homologues, as well as functional homologues, in initiating O-polysaccharide synthesis (37) . Both enzymes utilize the und-P lipid acceptor. Reactions involved in the biosynthesis of O-polsyaccharides were first decribed in Salmonella enterica serogroups B and E. The galactosyltransferase WbaP (formerly RfbP) catalyzes the reversible transfer of Galp 1-phospate from the precursor UDP-Galp to und-P as the initial synthetic reaction for each O-heteropolysaccharide repeat unit (47). Interestingly, there are a number of structural homologues of WbaP in systems involved in capsular and exopolysaccharide synthesis in various bacteria (47) . These include the E. coli K30 antigen whose biosynthetic system provided the WbaP homologue studied here (8). The GlcpNAc 1-phosphate transferase WecA (formerly Rfe), the only other known initiating enzyme, was first characterized in the biosynthesis of enterobacterial common antigen (ECA) (26) . WecA also transfers GlcpNAc residues found in the heteropolysaccharide O units of several E. coli serotypes (2), Shigella dysenteriae type 1 (17) , and Shigella flexneri (2). These O units are assembled sequentially and elongated by blockwise polymerization of the undecaprenylpyrophosphate (und-PP)-linked repeat units at the reducing terminus of the growing polymer in a Wzy-dependent process. Interestingly, WecA also initiates formation of polymannan in E. coli O8 and O9 (16, 32) and polygalactan (D-galactan I) in Klebsiella pneumoniae O1 (6), even though the O units of these homopolysaccharides do not contain GlcpNAc. In these cases, und-PP-GlcNAc provides a primer for assembly of the repeat unit domain of the glycan by a processive glycosyltransfer mechanism (polymerization by growth at the nonreducing terminus) (reviewed in reference 47). Thus, WecA and WbaP provide important prototypes for obtaining insights into the initiation step of O-polysaccharide synthesis.
The galactosyltransferase WbaP was cloned on a 1.7-kb XbaI/EcoRI fragment into the shuttle vector pRB374 to give the 7.6-kb plasmid pTS100. pTS100 was transformed into E. coli CWG288 and B. subtilis 1A751, and transferase assays were carried out with the respective membranes as a source of WbaP to form the predicted C-M-extractable lipid-linked saccharide from the 14 C-labeled sugar nucleotide precursor. The yield of the reaction product (und-PP-␣-D-Galp) was measured and given as an indication of enzyme activity. In both the E. coli CWG288 and the B. subtilis 1A751 backgrounds, transfer of radioactivity from UDP-␣-D-[
14 C]Galp occurred in the absence of other exogenous precursors, as expected in a process during which WbaP is the initiating transferase. Incorporation of radioactivity was measured after a reaction time of 20 min using E. coli(pTS100) and B. subtilis(pTS100) membranes, giving 15.1 and 3.0 pmol, respectively, of incorporated 14 C-sugar per mg of membrane protein (Table 3) 14 C]Galp as the sole precursor. Although the amount of incorporated radioactivity decreased in these experiments as expected, when the dilution of the radiolabeled substrate is accounted for, the absolute levels of Gal incorporation into lipid intermediates showed a slight increase (Table 3) . From these data, it appears that in reactions containing a 1:1 molar ratio of labeled and unlabeled substrates, the amounts of 14 C incorporation in the initial reactions were slightly affected by substrate limitation. However, the presence of a sufficient amount of substrate in the assay mixtures was supported by the incorporation data derived from assays containing a threefold or even an eightfold molar surplus of unlabeled nucleotide 14 C]Glcp into other glycoconjugates. B. subtilis possesses a galE homologue which encodes a protein that is 57% identical to the product of the E. coli gene (42) . GalE is assumed to be essential for the growth of B. subtilis in medium containing either glucose or galactose, and there are indications that accumulation of UDP-Gal might be toxic for B. subtilis in vivo (21). However, in vitro transferase assays using membrane preparations of B. subtilis 1A751(pTS100) as a source of enzyme clearly demonstrated that the shuttled enzyme WbaP can utilize UDP-Galp as a substrate to form und-PP-Galp in the B. subtilis background ( Table 3) . The migration behavior of the C-M-extractable reaction products from both organisms on TLC plates (Fig. 1,  lanes 1 and 5) further indicated that identical product formation had occurred in both bacterial backgrounds. Thus, WbaP was functionally expressed in B. subtilis 1A751, implying that WbaP catalyzed formation of und-PP-␣-D-Galp. Furthermore, this product was not modified by the endogenous enzyme repertoire of the gram-positive host.
For documentation of WecA activity, pTS103, pTS107, pTS108, and pTS110 were electroporated in the E. coli wecA mutant strain CWG292. The O8:K40 antigens produced by the parent of E. coli CWG292 (E. coli 2775) are both dependent on WecA activity, and in vivo assays are available in a wecA mutant host to confirm activity of plasmid-encoded WecA. Proteinase K-digested whole-cell lysates were prepared and examined on silver-stained tricine SDS-PAGE gels. Plasmidencoded WecA was capable of fully restoring O8 smooth LPS (S-LPS) production in E. coli, giving an SDS-PAGE profile indistinguishable from that of the wild-type strain E. coli 2775 (Fig. 2) . These results were confirmed by Western immunoblotting (not shown). Thus, the wecA gene was actively transcribed from both the pBR374-and the pAW10-based shuttle constructs.
UDP-GlcpNAc::und-P GlcpNAc 1-phosphatetransferase as- (Table 3) . No difference in the utilization of the radioactive substrate was observed with the two B. subtilis strains (only the data for 1A751 are shown). As with WbaP, WecA activity was lower in B. subtilis than in E. coli. Even though pTS103 and pTS108 catalyzed almost identical amounts of product formation in E. coli CWG292, [ 14 C]GlcpNAc incorporation in the B. subtilis 1A751 reaction product was significantly lower when wecA was encoded by pTS108 (39 and 21% of the E. coli value for pTS103 and pTS108, respectively). One explanation for this observation might be the strength of the vegII promoter in pRB374-based plasmids. Reaction products were extracted from E. coli and B. subtilis membranes. The majority of the resulting und-PP-␣-D-[
14 C]GlcpNAc intermediate migrated as a single component in TLC (Fig. 1, lanes 2 and 6) . In E. coli CWG292 membranes, trace amounts of larger material were detected near the origin (Fig. 1, lane 2) , which likely reflected extended ECA intermediates, as would be predicted in an enzyme preparation that would contain residual amounts of the other ECA precursors (14) .
Expression of sequential activity from WecA-WbbO. While wecA, the structural gene for a tunicamycin-sensitive UDPGlcpNAc::und-P GlcpNAc 1-phosphatetransferase, is located in the ECA biosynthesis locus, wbbO (formerly rfbF) is the last of six genes contained in the 6. (14) . WbbO shows no activity in a wecA mutant host due to absence of the und-PP-␣-D-GlcpNAc acceptor. The galactofuranosyltransferase activity of WbbO is dependent on the availability of the UDP-Galf precursor and thus on the activity of a UDP-galactopyranose mutase (20) . This enzyme, which is encoded by the glf gene of the O-polysaccharide cluster, catalyzes the reversible interconversion of UDP-Galp to UDPGalf, with the furanosidic form being thermodynamically disfavored (28) .
The functional expression of WecA encoded by pTS107 and pTS110 was assessed in vivo using E. coli CWG292 (Fig. 2) , and WbbO activity was tested in the E. coli K-12 strain CS1883 (Fig. 3) . Expression of WbbO in this strain results in a core modification due to the transfer of GlcpNAc-Galp-Galf to the host lipid A core (7). It was clearly evident by tricine SDS-PAGE of LPS from E. coli CS1883(pTS107) and E. coli CS1883(pTS110) that the plasmid-encoded products result in FIG. 2 . WecA-dependent synthesis of serotype O8 LPS in E. coli CWG292. Proteinase K-digested whole-cell lysates were prepared for examination of LPS on silver-stained SDS-PAGE gels. The plasmids are indicated above the lanes; E. coli strain 2775 was the positive control. Serotype O8 S-LPS was restored in the WecA-deficient strain E. coli CWG292 by the plasmids pTS103 and pTS108. Expression of WecA and O8 S-LPS formation were also documented when the gene was encoded by plasmids containing both the wecA and the wbbO genes (pTS107 and pTS110).
FIG. 3.
WbbO-mediated modification of the LPS of E. coli CS1883. Proteinase K-digested whole-cell lysates were prepared for examination of LPS on silver-stained SDS-PAGE gels. The plasmids are indicated above the lanes. E. coli strain CS1883(pWQ20) was used as the positive control for expression of WbbO. Plasmids containing wbbO (pWQ20, pTS107, and pTS110) result in an LPS core modification reflected in an additional band migrating slightly more slowly than that of the lipid A core of E. coli CS1883 (indicated by the arrow). (Fig. 3) . Plasmid pWQ20 containing wbbO cloned behind the trc promoter (7) served as a control. The staining intensity of the additional core band was lower when the host was transformed with pTS110 in comparison to pTS107 and pWQ20. This could reflect either decreased promoter strength or decreased copy number in the pAW10-based construct relative to pTS107 and pWQ20. To document the dependence of WbbO activity upon the lipidlinked saccharide acceptor und-PP-␣-D-GlcpNAc formed by WecA, E. coli 21548 (wecA::Tn10) was transformed with the plasmids pTS106 (wecA mutant) and pTS107. As was expected, pTS107 resulted in modified lipid A core, whereas pTS106 did not (not shown). Due to chromosomal tetracycline resistance of E. coli 21548, this experiment was not carried out with pAW10-based plasmids.
Membranes from E. coli CS1883 ⌬galE harboring the appropriate plasmids (pTS107 and pTS110) were used as a source of WbbO galactosyltransferase enzyme. Typically, a fivefold molar surplus of unlabeled UDP-GlcpNAc was provided in WbbO assays to assure the formation of the lipidsaccharide acceptor required by the enzyme. Prior to determination of WbbO activity, a standard WecA assay (20-min reaction time) was carried out in E. coli CWG292. By comparing the amounts of incorporated radioactivity, it became evident that WecA activities were slightly lower when originating from pTS107 and pTS110 than when originating from their parent plasmids. As has already been observed with pTS103 and pTS108, similar incorporation of radioactivity was obtained for pTS107 and pTS110 in E. coli. In B. subtilis, however, WecA activity was lower when the enzyme was encoded by pTS110 (Table 4) . WbbO activities determined in a 20-min assay are given in Table 4 . WbbO activities in B. subtilis 1A751 reached in average 20% of activity compared to E. coli CS1883 when originating from pTS107 and an average 12% of activity when originating from pTS110. To allow direct comparison of WecA and WbbO activities in the same E. coli host, the wecA mutant strain 21548 was used. 14 C]Gal ratio was approximately 1 for both pTS107 and pTS110. The faster migration of the extraction product from B. subtilis 1A751(pTS107) relative to that from E. coli CS1883(pTS107) was consistent with the product und-PP-␣-D-GlcpNAc-␣-D-Galp ( Fig. 1) and comigrated with the minor product in E. coli. The synthesis of the smaller product in B. subtilis reflects the absence of glf in its genome and the inability to form the UDP-Galf necessary for synthesis of an und-PP-linked trisaccharide.
Conclusions. Heterologous expression of glycosyltransferases in gram-positive bacteria is a highly desirable aim for functional characterization of the transferases. Furthermore, heterologous glycosyltransferases might have benefits in reengineering of S-layer glycoproteins for their future utilization as carbohydrate surface display systems.
To address the feasibility of the transfer of well-characterized glycosyltransferases from enterobacteria into a gram-positive host, two initiating enzymes of O-polysaccharide biosynthesis (WbaP and WecA) and one chain-extending enzyme (WbbO) were chosen. B. subtilis was used as a model grampositive host in a shuttle vector-based approach. All three enzymes were functional in B. subtilis, as demonstrated by in vitro glycosyltransferase assays and the TLC evidence of isolated reaction products. Enzyme activities in B. subtilis varied between 20 and 75% of those observed in E. coli, perhaps reflecting differences in copy numbers of plasmids and promoter strengths in E. coli and B. subtilis. Activity was obtained from two sequentially acting enzymes (WecA and WbbO). However, the bifunctionality of WbbO seen in E. coli was not achieved in B. subtilis due to the lack of UDP-Galf substrate in that organism.
These experiments represent a necessary first step towards transformation and chromosomal integration of glycosyltransferase genes in gram-positive S-layer-covered bacteria for remodeling of their cell surface carbohydrates. Applications of such tailored S-layer neoglycoconjugates might include the fields of vaccine design (38) and receptor mimetics (30, 31) .
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